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1. Introduction

1.1 Background

While climate change is a global problem, the impacts as well as mitigation and adaptation
measures are local and require local and regional stakeholders to act accordingly. Thus,
there is an ever increasing demand to provide climate change information with high
resolution for impact assessment and regionally tailored mitigation and adaptation actions.
The environmental agency of the federal state of Hesse, Germany, is tasked to provide the
scientific background for regional governmental bodies, local economy and the general public.
The most recent development on the political agenda regarding climate change is the global
political target of limiting climate change to not more than 2 °C above the pre-industrial level.
In December 2010 the United Nations Framework Convention on Climate Change (UNFCCC)
agreed on this goal at the 16™ Conference of the Parties (COP16) to avoid the most dangerous
and possibly irreversible impacts of climate change (UNFCCC, 2011). In the meantime,
countries are preparing for adaptation to the expected impacts of climate change. For example,
Germany has decided its Adaptation Strategy in December 2008 (Bundesregierung, 2008).
Now it is the responsibility of the federal states to put this strategy into adaptation measures
and into concrete action.

While the feasibility of the 2 °C climate target is quite uncertain and will require a concerted
and ambitious mitigation policy from all states, the climate change and associated impacts
that are projected under the 2 °C target can be considered the un-avoidable changes society
has to face. For political and economic decisions that account for climate impacts a thorough
assessment of the regional implications of the global 2 °C target is necessary. Here, we will
present the climate change in Hesse that would occur under the global 2 °C target using two
different analysis methods, i.e., dynamical downscaling and empirical statistical downscaling.
We will compare their results to the regional climate change that would occur under the IPCC
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Special Report on Emission Scenarios (SRES; Naki¢enovic et al., 2000) A1B scenario, which
more or less resembles the current emissions. From this comparison we assess the regional
climate change that can be avoided if the necessary mitigation actions were realized to shift
from the current emission path to a low-emission path for keeping the 2 °C target.

In the EU FP6 Project ENSEMBLES a scenario, known as E1, was developed that follows an
emission path which eventually leads to a CO;-equivalent concentration of 450 ppm, a level
which is considered to provide a more than 50% chance of limiting global warming to 2 °C
(Johns et al., 2011). Therefore we will present results from an assessment for the climate change
under the 2 °C target and compare it with the projected changes under the A1B scenario.

1.2 The global 2 °C target

At the COP16 of the UNFCCC held 2010 in Cancun, Mexico, it was agreed “... to hold the
increase in global average temperature below 2 °C above pre-industrial levels ...” (UNFCCC, 2011).
As pointed out by Randalls (2010), who traced the origins and the development of the 2 °C
target, this was a milestone in a process of growing awareness that there is a “... maximum
allowable warming to avoid dangerous anthropogenic interference in the climate. ”

Whereas in the 1970s and 1980s the prevailing approach was to consider carbon emissions
merely as a pollutant, publications such as Bach (1980) underlined the necessity that climate
policy should be based on an assessment of the risks of climate change. There was dispute over
the magnitude of tolerable change, whether it should be constrained to a temperature rise of
0.1 °C per decade or to a stabilization of the global temperature on a higher level. Rijsberman
& Swart (1990) introduced the notion of a temperature rise that should not surpass a mark
of 2 °C above the pre-industrial level. The German Advisory Council on Global Change
(WBGU, 1995) performed important groundwork concerning aspects such as the identification
of a tolerable window for the temperature development which is corroborated by the climate
fluctuations of the present geological epoch as well as addressing the question of adaptation
costs.

Basically, the 2 °C target is designed to avoid the most dangerous climate impacts. WBGU
(1995) states the “preservation of creation” and “prevention of excessive costs” as the
boundary conditions for which this target was developed. While even at a global warming
below 2 °C impacts of climate change on ecosystems and society cannot be excluded, it is
believed that below the 2 °C threshold some dangerous climate change can be avoided. In the
third assessment report of the IPCC, a diagram summarizes the “reasons for concern” with
respect to different levels of global mean temperature change relative to the 1990 level (IPCC,
2001, Fig 19-7). The figure was updated by Smith et al. (2009), showing even greater reasons
for concern.

Previous simulations aiming at keeping the 2 °C target have either used stabilization scenarios
(e.g., May, 2008) or were started from the SRES B2 scenario (Meinshausen et al., 2006; van
Vuuren et al., 2007). Since current atmospheric CO; concentrations are clearly above the SRES
B2 path (Le Quéré et al., 2009), both approaches seem questionable. In the framework of
the EU-funded project ENSEMBLES (van der Linden & Mitchell, 2009) a mitigation scenario
was developed that provides a plausible socio-economic path towards keeping the 2 °C
target. The scenario starts from the SRES A1B scenario and aims at stabilizing atmospheric
CO»-equivalent concentrations at 450 ppm, while allowing a slight overshoot over this level
around the middle of the current century. This scenario is called E1 (Lowe et al., 2009). A more
detailed description of the scenario construction and global mean results for temperature,
precipitation, and the carbon cycle feedbacks can be found in Johns et al. (2011).
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For the planning of mitigation and adaptation measures, it is relevant to know how much
of the projected climate change might be avoided due to mitigation actions and which part
of climate change might occur even under the 2 °C target and therefore calls for adaptation.
Because the goal refers to a global mean temperature increase, it is necessary to deduce what
the impacts would be regionally.

It should be mentioned that there is debate in the scientific community on the feasibility of
the 2 °C target. Randalls (2010) points out that (i) it is established in the context of large
uncertainties about climate sensitivity, (ii) there is insufficient clarity on the damage costs and
(iii) researchers interested in science-policy dynamics have critiqued it for forcing a rather
tenuous policy debate that has detracted from the process of reducing emissions.

However, the 2 °C target can serve as a focus point to assess the possible gains (in terms of
avoided impacts) of ambitious mitigation actions. For governmental and economic bodies this
is a central argument on whether or not mitigation actions are put into place. Moreover, it has
been consented to on a broad international basis and will be a major factor in climate change
negotiations.

1.3 Climate change assessments in the federal state Hesse

As a typical regional stakeholder, the federal state Hesse in central Germany has instigated
regional climate change assessments and climate impact research on the issues relevant for
the regional economy and ecology since the year 2004. In two frameworks (“INKLIM2012”
and “INKLIM2012 Baustein II plus”) several projects were realized.

Already detectable climate change in Hesse shows that the annual mean warming from 1951
to 2000 was 0.9 °C (Schonwiese et al., 2005), thus larger than the global average for this
period of about 0.7 °C (IPCC, 2007). This is accompanied by an increasing number of heat
days (daily maximum temperature > 30 °C) in the summer months, particularly in August,
and a decrease of frost (daily minimum temperature < 0 °C) and ice days (daily maximum
temperature < 0 °C) in winter and spring (Schonwiese et al., 2006). Furthermore there is
already a detectable tendency in Hesse for dryer summers and wetter winters (Schonwiese
etal., 2005), with an increase in the number and duration of dry spells in summer (Schénwiese
et al., 2006).

These tendencies are also projected for future climate change in central Europe (IPCC, 2007).
Furthermore there are results for the state of Hesse from an analysis of high resolution regional
climate model projections for several SRES-Scenarios (Naki¢enovi¢ et al., 2000) using both,
empirical statistical (ESD) and dynamical (RCM) methods (Federal State of Hesse, 2011). An
assessment of likely future temperature change for Hesse in conjunction with the 2 °C target
can be found in Kreienkamp & Spekat (2009).

The analyzed future climate impacts for water management (groundwater and its use for
irrigation and household demand as well as flood and low-flow conditions in rivers) show
an increasing demand for irrigation water during the growing period (Berthold & Hug, 2008),
combined with increasing flood risks during winter and increasing low-flow situations during
summer (Brahmer et al., 2008) in the analyzed parts of Hesse.

The projected changes in temperature and precipitation have consequences for agriculture,
forestry, fruits, vine, and natural ecosystems. In all these sectors the vulnerabilities of the
respective systems are assessed, highlighting possible impacts. The goal of the impact research
projects is to assess the risks and to develop possible adaptation strategies for each sector. A
further focus of research projects is on the impacts of climate change on the health sector.
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1.4 Goals of this chapter
The goals of this chapter are to:

(a) Assess the magnitude of regional climate change impacts in Hesse under a global 2 °C
target from time slices of higher emission scenarios (IPCC SRES A1B, A2 and B1), for the
time frame when the global 2 °C target is breached, using one GCM and two RCMs and
one ESD.

(b) Assess the regional results for Hesse for the end of the century in one ENSEMBLES E1
simulation.

(c) Provide an estimate of avoidable regional climate change in Hesse from comparison of
results for a higher emission scenario (A1B) to the results for the 2 °C target.

The methodologies are in principle applicable in any region of the world. Since RCM and
ESD simulations are not available in all regions, some useful hints for the interpretation of the
global results can be gained from the analyses shown in this chapter.

In Section 2 we present the data and methods used. Section 3 presents the results from
different types of analyses. The first step is to determine what the local or regional temperature
increase would be, if the global temperature would rise by 2 °C (Subsections 3.1 to 3.4). In
Subsection 3.5, the E1 scenario (Lowe et al., 2009) is analyzed for the region of Hesse, which
aims at keeping the 2 °C target for the end of the current century. Avoidable climate change
for this time frame is assessed from the difference between results from the E1 scenario and a
higher emission scenario (SRES A1B) in Subsection 3.6. A summary of the presented findings
and some conclusions form the final Section 4.

2. Data and methods

The data used for this study encompass one global climate model (GCM), two dynamical
regional climate models (RCM) and one empirical statistical downscaling (ESD) method. All
are briefly featured below.

Global climate model ECHAMS5: The global mean pre-industrial temperature level is derived
from three historical runs of ECHAM5/MPI-OM (Roeckner et al., 2003; 2004), henceforth
abbreviated as ECHAMS. Future temperature levels are determined by ECHAMS runs, forced
by SRES emission scenarios A1B, A2 and Bl. Furthermore, global climate model results are
used to force the RCMs COSMO-CLM and REMO as well as the ESD method WETTREG (all
described further below) in order to obtain regional climate projections and to assess regional
climate signals, as presented in Subsection 3.4. For the assessment of climate change in
conjunction with the 2 °C target (Subsection 3.5) results of a GCM forced with the E1 scenario
are analyzed. Since there are no ECHAMS E1 runs, the E1 runs of the derived model version
ECHAMS5C (which includes a carbon-cycle sub-model) is used for this purpose, employing
WETTREG to obtain a regional climate projection for Hesse. In Subsection 3.6 the analysis is
then extended to ECHAMS5C forced by E1 and the SRES scenario A1B, downscaled again by
WETTREG, to enable an intercomparison of climate signals as they are derived by an identical
GCM-downscaling cascade.

Regional dynamic climate model COSMO-CLM: Initially known as CLM, the Consortium for
Small Scale Modelling (COSMO) model CCLM is nested into a global climate model (Bohm
et al., 2006; Rockel et al., 2008). CCLM is a non-hydrostatic model. For Subsection 3.4 of
this study the initializing and the boundary conditions are prescribed by ECHAMS5 and it
is applied to obtain regional climate information for the state of Hesse at the period when the
global temperature increase has reached 2 °C. The so-called consortium runs, data stream 3,
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of CCLM with 0.22° resolution are used (at a latitude of 55N this resolution amounts to about
22.2 km in meridional direction and 12.7 km in zonal direction).

Regional dynamic climate model REMO: The Regional Model (REMO) is a further high
resolution climate model that is nested into a global climate model (Jacob et al., 2008; Jacob &
Podzun, 1997). REMO is a hydrostatic model. For Subsection 3.4 of this study the initializing
and the boundary conditions are as well prescribed by ECHAMS and it is applied to obtain
regional climate information for the state of Hesse at the period when the global temperature
increase has reached 2 °C. The so-called UBA runs of REMO (Jacob et al., 2008) with 10 km
resolution are used.

Empirical statistical downscaling method WETTREG: The ESD method WETTREG
(German: Wetterlagen-basiertes Regionalisierungsverfahren. English: Weather pattern-based
regionalization method) relies on the ability of global models to reproduce the circulation
regime well and statistically derives a transfer function which links regional and large-scale
climate (Enke et al., 2005a;b; Spekat et al., 2010). In order to develop the transfer functions,
WETTREG requires surface climatological data (for this study, climate measurements from
stations in and around the State of Hesse are used, provided by the German Weather service
DWD), upper air climatological data (here, reanalyses from NCEP/NCAR are used, cf. Kalnay
et al., 1996), re-simulations of the current climate and projections of a future climate which are
provided by the GCMs ECHAMS and ECHAMSC. WETTREG produces a set of ten equally
valid, stochastically derived, climate projections. The analyses in Subsection 3.4 are based on
WETTREG2006 (Spekat et al., 2007) which is available for runs forced by ECHAMS5 A1B, A2
and B1 scenarios. The analyses in Subsections 3.5 and 3.6 are based on the updated method
WETTREG2010 (Kreienkamp et al., 2010) which is available for runs forced by ECHAMS A1B,
ECHAMS5C A1B and ECHAMS5C EL1.

As described in Subsection 3.1 the first task is to determine the pre-industrial temperature
level from three historical runs of ECHAMS. Then, as shown in Subsection 3.2, for each of
the ECHAMS projections that are forced by SRES emission scenarios, the time is determined
in which a global mean temperature rise of 2 °C above this level occurs and a period of
30 years around it is defined. The next step, documented in Subsection 3.3, uses global
model projections to address the question which continental-scale temperature increase is
occurring at the time frame when the global temperature rise amounts to 2 °C. The applied
procedure to assess this temperature increase was developed on behalf of the Hessian Agency
for Environment and Geology by the company Climate and Environment Consulting (CEC)
Potsdam GmbH. It is straightforward, easy to apply, and computationally inexpensive.
This analysis is followed by a dynamical and statistical downscaling study, described in
Subsection 3.4, carried out to determine, which regional temperature rise will occur in the
State of Hesse during the time of a global 2 °C increase. The ensuing Subsection 3.5 includes
an analysis of the regional temperature signal that occurs in conjunction with the E1 scenario,
forcing the GCM ECHAMSC, for the end of the 215t century. Finally, in Subsection 3.6, a
comparison between results obtained by applying the ESD method WETTREG to ECHAMS5C
forced by A1B or E1 for the end of the 215t century is carried out.

Please note that results from the RCMs and the ESD in the subsequent subsections are
displayed as changes relative to the time period 1971-2000. Since there are no pre-industrial
simulations, an assessment of the temperature changes relative to the pre-industrial time
needs to take an offset of 0.5 °C into account for the warming that was realized between
1860-1889 (pre-industrial time) and the reference period 1971-2000 (see Subsection 3.1).
Global simulations used in this study are freely available for research purposes at the German
Climate Data Centre (www.mad.zmaw.de/projects-at-md/ensembles/).
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3. Results and discussion

3.1 Determining the global pre-industrial temperature level

For the time 1860-2000, the global annual mean temperature is determined for the three
historical runs of ECHAMS. The temperature development is shown in Fig. 1 which also
includes curves of 30-year moving averages.

15.0
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14,3
14,2
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13.9
13.8
13,7
13.6
135

1860 1870 1BBO 1890 1900 1910 1920 1930 1540 1950 1960 1970 1980 1990 200C

Global Average Temperature [°C]

Simulated Year

BRun1 ®Run2 " Run3 =Run 1 MA Run 2 MA Run 3 MA

Fig. 1. Global annual mean temperature from three historical runs of the GCM ECHAMb5
from 1860 to 2000 (triangles and squares). Lines show 30-year moving averages (MA).

From this analysis global temperature levels between 14.03 °C and 14.07 °C are found for the
period 1860-1889 in the three ECHAMS historical runs, which is assumed to be indicative
of the pre-industrial time. The two-digit precision of the above temperature values is a
by-product of the averaging over a set of 30 values and should not be mistaken for the
accuracy with which global average temperature values can be assessed. In subsequent stages
of the analysis an interval between 14.0 and 14.1 °C is used for the pre-industrial global
average temperature.

Moreover, differences between the periods 1860-1889 and 1971-2000 can be inferred. These are
between 0.27 °C and 0.37 °C, depending on the individual historical runs of ECHAMS. This
is in broad accordance with Trenberth et al. (2007) who give an assessment of the temperature
increase on the order of 0.5 °C for the respective time frame.

This means that about half a degree Celsius (in ECHAMS 0.3-0.4 °C) of the increase specified
in the 2 °C target has already occurred from the pre-industrial time to the end of the 20t
century which means that a global increase of less than 1.5 °C over the 215 century would be
necessary to keep the 2 °C target.

3.2 Determining the time horizon of a global 2 °C increase

To begin with, the global average temperature for each year from 2001 to 2100 is computed
from ECHAMS projections forced with SRES emission scenarios A1B (two runs), A2 (one run)
and B1 (two runs), as shown in Fig. 2.

Clearly, projections forced by scenarios A1B and A2 exhibit a higher temperature response
compared to the ECHAMS projections that are forced by the Bl scenario.

Fig. 3 zooms in on the period 2040-2080, i.e., the vicinity of the time frame when a global
mean increase of 2 °C above the pre-industrial level (cf. Subsection 3.1) is expected in the
GCM simulations. The temperature interval 16.0 to 16.1 °C is indicated by the grey band —
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Fig. 2. Global annual mean temperature from five SRES scenario runs for A1B (2 runs), A2 (1
run) and B1 (2 runs) of the GCM ECHAMS for the years 2001-2100 (triangles and squares).
Lines show a 30-year moving average (MA).
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Fig. 3. As in Fig. 2, but zooming in on the time interval 2041-2080. The grey bar indicates the
level of 2 °C temperature increase above pre-industrial time, arrows show time, when this
level is breached by the simulations for different scenarios.

marking the level of 2 °C above the pre-industrial temperature of 14.0 to 14.1 °C, as assessed
in Subsection 3.1 and defined in the 2 °C target.

The following time frames can be associated with a global mean temperature increase of 2 °C
compared to pre-industrial times according to the ECHAMS projections.

Forced by SRES scenario A1B: Around the year 2050, which leads to a representative 30-year
period of 2036-2065.

Forced by SRES scenario A2: Around the year 2055, which leads to a representative 30-year
period of 2041-2070.

Forced by SRES scenario B1: Around the year 2065, which leads to a representative 30-year
period of 2051-2080.
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3.3 Temperature increase on the global vs. the continental scale

After having determined the time of the breach of the 2 °C threshold on the global level
(Subsection 3.2) we now focus on Central Europe. At this stage all comparisons are still
being made on the basis of the global model ECHAMS projections forced by the three SRES
emission scenarios A1B, A2 and B1l. We focus on the European continent by extracting data
at 12 ECHAMS grid-points in Central Europe and computing the temperature increase for
this area. For the grid resolution of the global model ECHAMS of approximately 2° x 2° in
mid-latitudes these 12 grid-points cover the area of 49.43N to 53.15N and 7.50E to 13.13E
(in decimal degrees). The positions of these grid-points are indicated by yellow crosses in
Fig. 6 (a).

In order to establish a reference value for Central Europe the procedure described in
Subsection 3.1 is applied to the sub-set of these 12 grid-points. Fig. 4 displays the development
of the annual temperature for the time 1860-2000 for Central Europe.
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Fig. 4. As Fig. 1, only limited to the 12 grid-points covering Central Europe.

According to the three historical runs an increase of 0.32 °C to 0.56 °C for Central European
temperature can be inferred from Fig. 4. Two conclusions can be drawn from this analysis:

(i) Itis striking that in the three historical runs there is more variability between the Central
European temperature trends than between the global mean temperature changes (cf.
Fig. 1). This reflects the fact that averaging over larger areas tends to reduce variability.

(ii) The temperature increases for Central Europe of 0.32 °C to 0.56 °C tend to be of a larger
magnitude compared to the global average of 0.27 °C to 0.37 °C (cf. Fig. 1). This can be
attributed to the fact that over land surfaces the warming is generally stronger than over
the oceans, since the land has a lower heat capacity than water.

Similar to the method applied in Subsection 3.1 for the global average temperature, Fig. 5
shows a zoom on the time period 2041-2080 of the temperature change for the 12 Central
European grid-points. Using the 30 year periods determined from Fig. 3 we can assess the
simulation-specific Central European temperature increases for the respective 30-year periods.
Tab. 1 summarizes the Central European temperature levels for the pre-industrial period
(1860-1889) and the present-day climate (1971-2000) as well as the temperature levels for
the time periods when the global average temperature crosses the 2 °C threshold in the
different scenarios. Additionally, temperature increases are given for the 12 grid-points
covering Central Europe in the ECHAMS model with respect to the pre-industrial time
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Fig. 5. As Fig. 3, only limited to the 12 grid-points covering Central Europe.

(A 1860-1889) and with respect to the present-day climate (A 1971-2000). The latter value is
used to determine the warming that has already occurred from pre-industrial times until the
reference period for present-day climate (1971-2000), yielding a value of 0.5 °C. Since for the
regional climate simulations no pre-industrial time is available, we will add the difference of
0.5 °C to the climate signal calculated with respect to the present-day climate, to approximate
the temperature change relative to pre-industrial times.

Period AlB Run 1 AlB Run 2 A2 Run 1 Bl Run1 B1 Run 2
1860-1889 7.62 7.36 7.62 7.62 7.36
1971-2000 8.19 7.85 8.19 8.19 7.85
A1B 2036-2065 10.13 10.29 - - -

A2 2041-2070 - - 10.42 - -

B1 2051-2080 - - - 9.88 9.86
A 1860-1889 2.51 2.93 2.80 2.26 2.50
A 1971-2000 1.94 2.44 2.23 1.69 2.01

Table 1. Annual mean temperature, computed from 12 grid-points of ECHAMS covering
Central Europe for the pre-industrial period (1860-1889), the present-day reference period
(1971-2000) and for the scenario-specific periods (according to Subsection 3.1, i.e., the time of
the breach of the global 2 °C threshold). The change signals with respect to the pre-industrial
and to the present-day temperature are also given.

It can be concluded that the temperature increases as determined at 12 Central European
grid-points of ECHAMS are slightly higher (2.3 to 2.9 °C) compared to the global average
warming of 2 °C at these times.

3.4 Approximating the 2 °C target for Hesse from downscaled SRES emission scenarios

In the next step, climate change signals are obtained from RCMs (CCLM and REMO) and
from the ESD WETTREG (cf. Section 2), forced by output data from the global climate model
ECHAMBS. In this Subsection results are displayed only for the interior of the federal state
of Hesse in Central Germany [see highlighted areas in Fig. 6 (b)—(e) where, in addition, the
different models’ resolutions are shown].
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Fig. 6. Resolutions of the models and method used. Subfigures (a)-(d) display the summer
precipitation signal between 1971-2000 and 2071-2100 (scenario A1B). Subfigure (e) displays
the respective signal of the daily mean temperature. The grid points evaluated for ECHAMS5
are marked by yellow crosses in (a) and the shape of State of Hesse is indicated by the
in-focus area in (b)—(e). The left-hand legend in (f) corresponds to Subfigures (a)—(d) and the
right-hand legend in (f) is associated with (e). Grid points of CCLM and REMO as well as the
positions of stations used in WETTREG are indicated by black dots.

In the downscaling results for the area of Hesse a slightly lower annual mean warming of
1.4 to 2.0 °C relative to 1971-2000 is projected (Tab. 2) compared to the temperature signal
obtained for the 12 Central European grid-points from the global model (1.7 to 2.4 °C, cf.
Tab. 1). Taking into account the already realized warming of 0.5 °C from pre-industrial to
present-day conditions, this implies a warming of 1.9 to 2.5 °C relative to the pre-industrial
time in Hesse.

Besides annual mean temperature, some further parameters are analyzed from the regional
climate model simulations.
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Model A1B Run 1 A1B Run 2 A2 Run 1 Bl Run1 B1 Run 2
CCLM 1.65 1.98 - 1.41 1.61
REMO 1.65 - 1.85 1.38 -
WETTREG 1.34 - 1.64 1.37 -

Table 2. Increase of the annual temperature on the regional scale (reference region: State of
Hesse) based on the regional models CCLM, REMO and WETTREG. The temperature
change signal is determined using the reference period 1971-2000 and the scenario-specific
periods, i.e., 20362065 for A1B, 2041-2070 for A2 and 2051-2080 for B1.

When analyzing the number of heat days (daily Tmax > 30 °C) per year, an increase by about
6 to 10 days per year compared to the present-day period is found, indicating a doubling to
tripling of current occurrence frequencies.

When analyzing precipitation changes, a seasonal shift of rainfall from the summer season
into the winter season is found for the analyzed periods. Thus, even under conditions of
keeping the 2 °C target summer rainfall is projected to decrease between —16% and 0% in the
area of the federal state of Hesse. Even though precipitation changes below 10% are considered
not significant, the fact that all models show the same direction of trend gives a fairly clear
picture of a drying trend in summer. In winter all regional model simulations show an increase
of precipitation between 0% and +29% for the area. Here, differences between the different
downscaling methods (or models) are quite large: While particularly the model CCLM shows
very small to no signals, the WETTREG method produces the strongest signals. However,
again all models show the same general tendency, thus giving confidence in the projected
trend.

The precipitation reductions in summer coincide with slightly reduced relative humidity;,
while for winter projected changes in atmospheric humidity are not significant. In concord
with the changes in atmospheric humidity, the regional climate projections reveal slight
reductions in summer cloud cover and increase in sunshine duration, but mixed results or
non-significant signals in winter.

Summing up, when determining regional climate change signals from regional simulations
for a time interval when the global 2 °C target is breached in SRES emission scenarios, we find
the temperature increase simulated by the regional models slightly below those simulated for
Central Europe by the forcing GCM ECHAMS. Precipitation shifts from summer to winter
can be detected and some small changes in atmospheric humidity, cloudiness and sunshine
duration can be detected from the simulation results.

3.5 Downscaling the E1 scenario for Hesse

In this Subsection we analyze the regional climate change signals from the GCM ECHAMS5C
(cf. Section 2) projections forced by the E1 scenario, i.e., an emission scenario that aims at
keeping global mean warming below 2 °C (Johns et al., 2011; Lowe et al., 2009). The global
simulation results are downscaled using the ESD method WETTREG. Thus, in contrast to the
previous Subsections, where the time in which the global 2 °C threshold was breached was
defining the periods for the analysis, we now look at the 30-year time slice at the end of the
current century (2071-2100). Such an approach is independent of the temperature level, i.e.,
whether for this time slice the global average temperature is lower or higher than 2 °C above
the pre-industrial temperature.

The so-called ring diagram in Fig. 7 (a) shows the temperature signal for the Hesse area
as the result of the ECHAMSC/E1-WETTREG downscaling. Displayed is the magnitude of
the temperature increase between the E1 projection for the seasonal and yearly temperature
averages 2071-2100 and those for the historical simulation for 1971-2000.
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Fig. 7. Ring diagram of the increases between 2071-2100 and 1971-2000 from an average over
ten WETTREG regionalizations forced by ECHAMS5C/E1. The outer ring segments indicate
the seasonal temperature signals [Wi: Winter (Dec.—Feb.); Sp: Spring (Mar.-May); Su:
Summer (Jun.—Aug.); Au: Autumn (Sep.—Nov.)] and the center denotes the annual value. (a):
Temperature results derived from the mean of simulated series at climate stations in and
around Hesse [cf. Fig. 6 (e)]. (b): Precipitation results (percentual change) derived from the
mean of simulated series at precipitation stations in and around Hesse [cf. Fig. 6 (f)].

Comparing the results for the time slices in the SRES scenarios (Subsections 3.3 and 3.4) to the
first results from the downscaled E1 scenario (using the statistical method WETTREG) we find
that the climate signals for the period 2071-2100 relative to the reference period 1971-2000
are in the same order of magnitude for both investigations. Yet WETTREG regionalizations
of the E1 scenario yield a slightly higher temperature signal which amounts to more than
1.9 °C for the annual mean temperature and between 1.7 and 2.2 °C for seasonal average
temperature values. As stated in the previous Subsection, these values require an additional
0.5 °C correction to compensate for warming that occurred since the pre-industrial period.
As the ring diagram in Fig. 7 (b) shows, precipitation projections for the same pair of 30-year
periods as above are smaller than 10% for the whole year and the winter and spring seasons.
During summer and autumn precipitation decrease of more than 10% is found for this
simulation. Thus, the E1 scenario with WETTREG downscaling shows a comparable drying
signal in summer, but a weaker moistening signal in winter compared to the time slice results
using the SRES scenarios.

3.6 Avoidable climate change: comparing the E1-scenario with the A1B-scenario

Finally, we present ECHAMS5C results for Hesse (downscaled using WETTREG) under
the higher emission scenario SRES A1B for a 30-year period at the end of this century
compared to the present-day reference period. The results are juxtaposed with the respective
ECHAMS5C/E1 downscaling results.

From the comparison of these signals with those presented in the previous two subsections we
can assess the avoidable regional climate change in Hesse. As Fig. 8 shows, the most striking
difference relates to the much larger warming signal in the A1B scenario, amounting to more
than 3 °C relative to 1971-2000, while in the E1 scenario the warming in Hesse stays below
2°C.

Ten simulations of WETTREG, forced by ECHAMS5C A1B and ECHAMS5C El, are also used
to analyze the number of heat days, shown in Fig. 9. A large increase can be found for the
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Fig. 8. Ensemble band diagram for the temperature signals (2071-2100 minus 1971-2000)
derived from WETTREG regionalizations of the global model ECHAMS5C results for
scenarios SRES A1B (bottom) and E1 (top). Each band indicates the value range that occurs in
the Hesse area. The grey part shows the entire range; the black bar displays the values
between the 25 and the 75 percentile; the red bar indicates the median (the width of this bar
is due to the fact that the computational accuracy of the signals is 0.1 °C).
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Fig. 9. Average number of heat days (Tmax > 30 °C) per year from 1961-2100, determined
from WETTREG regionalizations forced by ECHAMS5C A1B, run 1 (red) and ECHAMS5C E1,
run 1 (blue). The dots show the results of the ten WETTREG runs; the continuous lines
indicate the 11-year running mean and the stippled lines denote the range of heat days per
year, determined for the regionalizations of the period 1971-2000.

A1B scenario: In the period 1971-2000 an average of 4 days per year is detected which rises
to 30 days per year in the period 2071-2100. For the E1 scenario this increase is much smaller,
reaching an average of about 12 days in the period 2071-2100. Moreover, Fig. 9 shows an
increase in the variability of the individual WETTREG simulations towards the end of the 21t
century for both scenarios.

Concerning precipitation change (Fig. 10) we find a similar shift in seasonal patterns in the
results obtained using the two scenarios. While for winter the signals stay below 10%, the
change in summer is around —10% for the E1 scenario and around —20% for the A1B scenario
in Hesse at the end of the current century.
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Fig. 10. As in Fig. 8 but for the precipitation change in summer (top two bands) and winter
(bottom two bands). The computational accuracy of the values for precipitation change is 1%.

4. Summary and conclusions

In the analysis presented here, we assess the regional climate change that would occur under
the global 2 °C target in the federal state Hesse in central Germany. In a first approach, we
approximate the situation under the global 2 °C target from time slices (30-year periods)
during simulations for higher emission scenarios (SRES A1B, A2 and Bl), determining the
time when the global 2 °C target is breached. From this analysis we also determine that a
warming of about 0.5 °C has already occurred from the pre-industrial time until the end of

the 20" century which means that a global increase of less than 1.5 °C over the 215 century
would be necessary to keep the 2 °C target.

In the next step we analyze the local changes in Hesse for the respective 30-year periods,
centred at the time determined in the previous step. While the global model (ECHAMS) shows
a significantly higher warming in the 12 grid points representing Central Europe (2.3 to 2.9 °C)
than the global mean (2 °C), this effect is less pronounced when considering results from
dynamical (RCMs CCLM and REMO) and statistical (ESD WETTREG) downscaling for Hesse.
Results show, that for the respective time frames, a mean annual warming between 1.3 and
2.0 °C (cf. Tab. 2) compared to the present-day climate reference period 1971-2000 occurs.
When adding the already realized warming from the pre-industrial (1860-1889) time until
1971-2000 of 0.5 °C (cf. Tab. 1), we find a local warming of 1.8 to 2.5 °C in Hesse for a global
mean warming of 2 °C with respect to the pre-industrial values.

The occurrence frequency of heat days in the simulations of present-day climate (4 heat
days per year) would approximately triple even if climate change could be held to a level
keeping the global 2 °C target. When considering precipitation changes we find a shift of
rainfall from summer to winter, a tendency that is also found in several models for different
emission scenarios for Central Europe (IPCC, 2007), in conjunction with slight reductions
in atmospheric moisture and cloudiness and increasing sunshine duration during summer
(signals uneven or not significant for winter).

Assessment from the first available global climate model simulations for a scenario that aims
at keeping the global 2 °C target at the end of the 215 century gives similar results, even
though for these simulations no high resolution dynamical downscaling results are available.
The projected warming in the area of Hesse of 1.9 °C for the end of the 215 century in the
E1 scenario relative to the present-day reference period 1971-2000 (downscaled using the
ESD method WETTREGQG) is at the upper end of which was determined from the time slices
analyzed previously (1.3-2.0 °C). As stated before, the value requires a +0.5 °C correction to
compensate for warming that occurred since the pre-industrial time.
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Precipitation projections for the E1 scenario at the end of the current century show
non-significant changes of less than 10% for winter and spring and decreases of 10-15% for
summer and autumn, thus smaller signals than those obtained from the time slices of the SRES
scenarios presented before.

In the last Subsection (3.6) we compare end-of-the-century climate change for Hesse between
the SRES scenario A1B (which approximately resembles or even slightly underestimates the
current emission path, cf. Le Quéré et al., 2009) and the low-emission scenario E1 (Lowe et al.,
2009).

The comparison of projected temperature increase over the area of Hesse for the analyzed
GCM simulation shows a significant portion of avoided warming of more than 1 °C under the
ambitious mitigation scenario E1 compared to the non-mitigation scenario A1B. Furthermore,
the A1B scenario shows a large increase of heat days: On average there will be an increase
in the number of heat days of about 25 heat days per year at the end of the current century
relative to the present-day reference period (1971-2000). Even under the 2 °C target (scenario
El), an increase in heat days of 8 heat days per year must be expected. However, this
means that two thirds of the increase simulated for the A1B scenario could be avoided when
following the E1 scenario instead. This is of great concern, since heat days are typically causing
heat stress with dangerous consequences: For example, in the year 2003 an excess of 16
heat days over the climatologically observed value of 6 heat days per year in the reference
period led to a significant increase in mortality in Central Europe (Chase et al., 2006; De Bono
et al., 2004). Additionally summer precipitation reduces under the A1B scenario by about 20%
compared to a reduction of about 10% under the E1 scenario. The wintertime precipitation
increase is below 10% in both scenarios.

While results between different GCMs vary (see, e.g., IPCC, 2007), they all show consistently
a significant reduction of climate changes in the E1 scenario compared to the A1B scenario for
the end of this century (Johns et al., 2011). It should be kept in mind, that under an emission
scenario like A1B, significant further climate change beyond the year 2100 is to be expected
(IPCC, 2007).

Thus, the resulting differences can be considered the avoidable climate change which would
pertain to the implementation of necessary mitigation actions that lead onto a low-emission
path like E1. The mitigation measures that are currently implemented, however, will lead to a
much higher emission path (as in SRES A1B or higher). These avoidable changes can serve as
a basis for calculating the gains from mitigation actions (in terms of avoided climate change
impacts) compared to the costs of climate change impacts when no or little emission reduction
is put into action.

While not for all regions of the world high resolution climate simulations are available,
we show here that with some simple methods that are easy to apply and make use of
data that are freely available, climate change assessments — on a continental scale — can be
carried out. Further studies for a world that keeps the 2 °C target compared to the current
emission path may complement and extend the studies and serve as information support for
policy and economy. They are also a useful knowledge base for local stakeholders” decision
making processes with respect to mitigating climate change versus adapting to the impacts of
non-mitigated climate change.
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